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PREFACE 


The  model  investigation  reported  herein  was  authorized  by  the 
Office,  Chief  of  Engineers,  U.  S.  Army  (OCE),  on  23  June  1975  at  the 
request  of  the  U.  S.  Army  Engineer  District,  St.  Paul  (NCS). 

The  study  was  conducted  in  the  Hydraulics  Laboratory  of  the  U.  S. 
Army  Engineer  Waterways  Experiment  Station  (WES)  during  the  period  of 
July  1976  to  February  1978  under  the  general  supervision  of  Messrs.  H.  B. 
Simmons,  Chief  of  the  Hydraulics  Laboratory,  and  J.  L.  Grace,  Jr.,  Chief 
of  the  Hydraulic  Structures  Division,  and  under  the  direct  supervision 
of  Mr.  G.  A.  Pickering,  Chief  of  the  Locks  and  Conduits  Branch.  The 
engineer  in  immediate  charge  of  the  model  was  Mr.  J.  H.  Abies,  Jr., 
assisted  by  Messrs.  J.  V.  Hines,  D.  B.  Murray,  and  C.  L.  Dent.  This 
report  was  prepared  by  Mr.  Abies. 

During  the  course  of  this  study,  Messrs.  S.  P.  Powell,  Bruce 
McCartney,  and  H.  Keith  Snyder  of  OCE;  J.  F.  Ordenez  of  the  North  Central 
Division;  R.  B.  Fletcher,  Joe  Schultz,  Grant  Westall,  Stuart  V. 
Dobberpuhl,  Chuck  Spitzack,  Alfred  H.  Mathews,  John  Plump,  Stan  Kumpula, 
Glen  S.  Bengtson,  and  Richard  Pomerleau  of  NCS,  and  representatives  of 
the  Harza  Engineering  Co.  visited  WES  to  discuss  test  results  and  corre¬ 
late  these  results  with  design  work  being  accomplished  concurrently. 

Directors  of  WES  during  the  conduct  of  the  studies  and  the  prepara¬ 
tion  and  publication  of  this  report  were  COL  G.  H.  Hilt,  CE,  COL  John  L. 
Cannon,  CE,  and  COL  Nelson  P.  Conover,  CE.  Technical  Director  was 
Mr.  F.  R.  Brown. 
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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (SI) 
UNITS  OF  MEASUREMENT 


U.  S.  customary  units 
verted  to  metric  (SI) 

_ Multiply 

cubic  feet  per  second 

feet 

feet  per  second 

feet  per  second  per 
second 

inches 

miles  (l  .  S.  statute) 
pounds  (mass) 
square  feet 
tons  (force) 
tons  (2000  lb,  mass) 


of  measurement  used  in  this 
units  as  follows: 

- gy 

0.02831685 

0.3048 

0.3048 

0.3048 

25.4 

1.609344 

0.4535924 

0.09290304 

8896.444 

907.185 


report  can  be  con- 

To  Obtain 

cubic  metres  per 
second 

metres 

metres  per  second 

metres  per  second 
per  second 

millimetres 

kilometres 

kilograms 

square  metres 

newtons 

kilograms 
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MODIFICATIONS  TO  FILLING  AND  EMPTYING  SYSTEM  OF  LOCK  NO. 


MISSISSIPPI  RIVER,  MINNSAPOI 1 " ,  MINNESOTA 
Hydraulic  Model  Investigation 


PART  I:  INTRODUCTION 


Present  Situation 


1.  Locks  and  Dam  No.  1  is  located  at  Mississippi  River  mile  847.6 
above  the  mouth  of  the  Ohio  River  between  the  cities  of  St.  Paul  and 
Minneapolis,  Minnesota  (Figure  1).  The  project  has  been  included  in  the 
Lock  and  Dam  Replacement  Program  for  a  number  of  years.  Early  reports 
considered  replacement  of  the  entire  lock  and  dam  structure.  In  the 
interim  period,  several  rehabilitation  contracts  have  restored  various 
components  of  this  structure.  Alternatives  for  rehabilitation  of  the 
lock  filling  and  emptying  system  are  now  being  investigated.*  Rehabili¬ 
tation  is  defined  as  any  work  necessary  to  extend  the  life  of  the  struc¬ 
ture  40  years  without  increasing  the  depth,  width,  or  length  of  the 
locks. 


General  Description  and  History  i  '  Prototype  Structures 

2.  The  original  structure  was  completed  and  placed  in  operation 
in  1917  and  included  a  152-f t-long**  hydroplant  adjacent  to  the  left 
bank,  a  574-f t-long  dam  surmounted  by  2-ft-high  automatic  release  flash- 
boards  and  eight  sluiceways  (of  which  only  three  sluice  gates  are  op¬ 
erated  and  .oaintained  at  the  present  time),  and  an  80-  by  360-ft  naviga¬ 
tion  lock.  In  1929  the  lock  failed,  cutting  off  all  barge  traffic  to 


*  U.  S.  Array  Engineer  District,  St.  Paul,  "Study  of  Alternatives  for 
Rehabilitation  of  Lock  and  Dam  No.  1,  Mississippi  River,  Minneapolis, 
Minnesota,"  Vols  I  and  II,  Apr  1976,  St.  Paul,  Minn. 

**  A  table  of  factors  for  converting  U.  S.  customary  units  of  measure¬ 
ment  to  metric  (SI)  units  is  presented  on  page  3. 
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Minneapolis.  To  ensure  against  a  future  interruption  to  barge  traffic, 
it  was  decided  to  build  twin  56-  by  40CS-ft  locks  at  this  site.  The 
first  lock  (riverward  lock)  was  completed  in  1930  and  the  second  lock 
(landward  lock)  was  placed  in  operation  in  1932.  A  plan  and  sections  of 
the  lock  structures  are  shown  in  Plates  1-6. 

Dam 

3.  The  dam  is  a  concrete  structure  and  for  the  greater  part  is 
supported  on  an  alluvial  fill  consisting  primarily  of  sand,  gravel,  and 
limestone  slabs;  a  portion  of  the  dam  and  apron,  however,  is  supported 
on  timber  piling.  Along  the  upstream  face  of  the  dam  is  a  steel-sheet 
piling  cutoff  wall;  there  is  also  a  row  of  steel  sheet  piling  along  the 
toe  of  the  apron  as  a  preventive  measure  against  scour.  The  crest  and 
the  downstream  face  have  been  resurfaced  (1949-1953).  A  major  portion 
of  the  apron  has  been  replaced  and  a  baffle  wall  was  constructed  on  the 
apron  to  induce  a  hydraulic  jump  to  overcome  serious  scour  below  the 
dam;  this  work  was  completed  in  1953.  In  1952  the  dam  was  stabilized  by 
placing  sand  fill  in  the  interior  to  reduce  the  possibility  of  failure 
by  sliding.  Three  of  the  eight  sluice  gates  in  the  dam  were  rehabili¬ 
tated  and  hydraulic  machinery  to  operate  them  was  installed  in  1954. 
Under  present  pool  conditions,  the  das  maintains  a  normal  head  of  about 
38-0  ft  during  the  navigation  season  and  about  36.0  ft  during  the  winter 
season.  In  general,  the  dam  is  in  good  condition. 

Riverward  lock 

4.  The  present  riverward  lock  was  built  in  1929  and  1930  to  re¬ 
place  the  original  lock  which  failed  on  19  August  1929.  The  plan  was  to 
provide  a  structure  suitable  for  9-ft  draft  navigation  based  on  the  de¬ 
sign  pool  level  for  Lock  and  Dam  No.  2  which  was  then  under  construc¬ 
tion.  However,  due  to  probable  seepage  damages,  local  interests  ob¬ 
tained  a  court  order  limiting  the  elevation  to  which  the  pool  could  be 
raised  to  685.7.*  Later,  in  1934,  the  court  approved  the  raising  of  the 
pool  to  el  687.2,  1.9  ft  less  than  its  designed  height.  As  a  result. 


*  All  elevations  (el)  cited  herein  are  in  feet  referred  to  mean  sea 
level  (usl) . 
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there  is  a  depth  of  only  7.5  ft  over  the  lower  sill  at  flat  pool  (zero 
flow)  or  about  8.0  ft  at  normal  tailwatsr  elevation;  hence,  the  lock  has 
had  little  use  except  for  an  occasional  locking  of  pleasure  boats,  empty 
barges,  or  shallow-draft  towboats.  The  stability  of  the  lock  walls,  the 
poor  condition  of  the  operating  machinery,  and  the  lack  of  guide  walls 
which  makes  approaches  difficult  have  also  been  factors  in  limiting  the 
use  of  the  riverward  lock.  Actually  in  building  the  riverward  lock,  the 
landward  wall  thereof  was  constructed  of  adequate  width  with  two  emptying 
and  filling  tunnels  to  serve  as  the  intermediate  wall  of  the  twin  locks 
when  the  second  lock  was  constructed. 

Landward  lock 

5.  The  present  landward  lock  was  built  in  1931-1932  as  a  safe¬ 
guard  to  maintain  river  traffic  to  and  from  Minneapolis.  As  a  result  of 
the  failure  of  the  original  lock,  Minneapolis  was  without  barge  line 
service  for  over  a  year;  and  it  was  determined  that  a  recurrence  should 
be  avoided  if  at  all  possible.  The  downstream  sill  of  this  lock  has  a 
top  elevation  of  677.2  providing  a  depth  of  flat  lower  pool  of  10.0  ft 
or  about  10.8  ft  at  normal  tail water  elevation;  hence,  the  landward  lock 
handles  practically  all  traffic  through  this  facility. 


6.  The  hydroelectric  plant,  located  at  the  east  end  of  the  dan, 
and  flashboards  on  the  crest  of  the  dam  are  maintained  by  the  Ford  Motor 
Company. 

River  Characteristics 

7.  Lower  pool  elevation  at  the  site  is  controlled  by  Dam  No.  2 
near  Hastings,  Minn.,  and  it  is  also  influenced  by  discharges  from  the 
Minnesota  River.  During  the  period  of  1951-1972,  the  average  tailwater 
elevation  was  about  690.0  and  the  minimum  elevation  was  as  low  as  636.2. 
The  highest  water  level  downstream  of  the  dam  was  recorded  at  719.0  on 
17  April  1965. 

8.  Upper  pool  elevation  at  the  site  is  controlled  by  the  overflow 
dam  and  by  discharges  through  the  low-level  sluices  and  through  the  Ford 
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power  plant.  During  the  navigation  season*  when  flashboardt-'  on  top  of 
the  dam  are  at  a  raised  position,  the  headwater  is  kept  normally  at 
725.0.  The  flashboards  on  the  dam  contain  shear  pins  which  fail  due  to 
ice  pressure  or  high  spring  flows.  During  the  winter  months  the  water 
surface  in  the  upper  pool  will  thus  be  lowered  to  approximately 
el  723.0.  The  highest  headwater  elevation  ever  recorded,  734.5,  oc¬ 
curred  on  17  April  1965. 


Major  Hydraulic  Problems  at  Existing  Locks 


9.  Four  major  hydraulic  problems  exist  at  Locks  and  Dam  No.  1: 

a.  Debris  at  intakes.  The  intake  manifolds  for  the  locks 
(Plates  2,  5,  and  6)  are  located  in  the  miter  gate  re¬ 
cesses.  During  filling,  vortices  form  over  the  intakes 
and  attract  ice  and  floating  debris  into  the  gate  re¬ 
cesses.  This  obstructs  complete  opening  of  the  miter 
gates  until  the  debris  is  removed.  Lockages  are  delayed 
and  under  some  conditions  normal  removal  of  debris  can  be 
hazardous. 

_b.  Air  entrapment.  The  crown  of  the  9.5-ft-diam  filling  and 
emptying  culverts  is  at  el  690.7  (Plates  3  and  4),  3.5  ft 
above  normal  lower  pool  elevation  687.2.  Prior  to  fill¬ 
ing,  a  layer  of  air  is  therefore  resident  in  the  level 
portion  of  the  culverts  and  also  in  the  sloping  portions 
downstream  of  the  filling  valves  (Plates  5  and  6).  When 
the  filling  valves  are  opened,  the  inrushing  water  com¬ 
presses  the  air  in  the  culverts  and  causes  pulsating 
pressures  on  the  downstream  valves.  Damage  occurs  to  the 
roller  train  rollers  and  guide  plates.  Loud  noises  can  be 
heard  and  vibrations  of  the  lock  walls  can  be  felt.  Air 
also  enters  the  culverts  through  the  upper  bulkhead  slots 
immediately  downstream  of  the  filling  valves.  There  is  a 
venting  system  in  current  use,  but  it  is  inadequate. 

c.  Lock  chamber  turbulence.  When  the  lock  chamber  is  being 
filled,  jets  issuing  from  the  adjacent  culvert-filling 
ports  flow  directly  across  the  lock  chamber  and  meet, 
causing  excessive  turbulence.  This  undesirable  condition 
is  further  intensified  by  the  size  of  the  10  ports  (3  ft 
wide  by  4  ft  high)  that  are  spaced  26  ft  on  centers  in 
each  wall.  This  results  in  an  undesirable  culvert-to- 
port-area  ratio  of  1:1.69.  The  insufficient  submergence 
of  the  ports  (2  ft  above  the  port  roof)  permits  entrapment 
and  entrainment  of  air  in  the  culvert  which  when  passed 
into  the  lock  chamber  creates  a  highly  turbulent  condition. 


Some  air  and  entrained  water  is  expelled  through  the 
vents.  Manipulation  of  the  culvert  valves  by  the  lock- 
master  to  lessen  turbulence  and  reduce  hawser  forces  on 
barge  tows  significantly  increases  lock  filling  time. 

When  pleasure  craft  or  small  boats  are  locked,  they  must 
be  moored  near  the  miter  gate  sill  where  turbulence  is 
less  hazardous. 

ji.  Downstream  conditions.  During  emptying  operations,  the 
discharge  from  the  culverts  in  the  intermediate  wall 
flows  directly  into  the  approach  channel  (Plate  2).  This 
discharge  is  not  dissipated  and  generates  large  waves; 
consequently,  small  boats  must  remain  more  than  400  ft 
downstream  to  avoid  being  swamped.  The  landward  culvert 
discharges  through  a  manifold  immediately  downstream  of 
the  miter  gate,  and  discharge  from  the  river-wall  culvert 
is  turned  90  deg  and  directed  toward  a  nearby  island. 
These  flows  could  endanger  people  or  pleasure  craft 
located  in  the  area. 

1C.  The  various  hydraulic  problems  associated  with  the  existing 
locks,  as  discussed  in  paragraph  9,  were  studied  under  contract  by 
Mr.  M.  E.  Nelson  (NCS  consultant).  Results  of  his  study,  including  a 
description  of  the  problems  and  proposed  solutions  and  modifications  to 
the  existing  filling  and  emptying  system  to  improve  its  operation  and  to 
reduce  hazards  to  navigation,  were  presented  in  a  report  entitled  "Hy¬ 
draulic  Problems  and  Recommended  Solutions  at  Locks  and  Dam  No.  1, 
Mississippi  River."  These  recommendations  were  reviewed,  and  with 
suggestions  by  engineers  of  OCE,  NCD,  NCS.  and  WES,*  the  elements  of  the 
existing  lock  systems  to  be  modified  are  as  follows: 

a.  Construct  new  intake  manifolds  (Plate  7)  upstream  of  the 
miter  gate  recesses  to  reduce  the  tendency  for  floating 
debris  to  interfere  with  opening  of  the  miter  gates.  The 
intake  should  remove  vortex  problems  and  improve  effi¬ 
ciency  of  the  filling  system. 

b.  Relocate  the  filling  valves  to  the  lower  culvert  level 
with  invert  el  681.2  (later  changed  to  el  678.7).  Air 
entrainment  and  surges  will  be  reduced  by  this  modifica¬ 
tion  (Plates  8  and  9) . 

c.  Replace  the  present  stoney  filling  and  emptying  valves 


*  OCE,  Office,  Chief  of  Engineers;  NCD,  U.  S.  Army  Engineer  Division, 
North  Central;  NCS,  U.  S.  Army  Engineer  District,  St.  Paul;  and  WES, 
U.  S.  Army  Engineer  Waterways  Experiment  Station. 
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with  new  reverse  tainter  valves  (Plates  8  and  9) , 
vertical-lift  gates,  or  butterfly  valves. 

d.  Lower  the  existing  9.5-ft-diam  culverts  at  invert  el 
681.2  to  invert  el  678.7  and  change  to  9.5-ft-wide  by 
7.5-ft-high  rectangular  culverts,  in  order  to  exclude  or 
reduce  air  in  the  culvert  crowns  at  normal  tailwater 

el  687.2  (Plates  9  and  10). 

e.  Lower  the  ports  in  the  lock  walls  to  discharge  flush  with 
the  lock  chamber  floor  and  increase  submergence  of  the 
jets  emerging  from  the  ports  during  the  filling  cycle. 
Design  the  ports  for  a  more  optimum  culvert-to-port-area 
ratio  and  stagger  the  ports  in  opposing  lock  walls 
(Plates  8  and  9) . 

JE.  Consider  elimination  of  the  existing  venting  system  by 
improvements  suggested  above  (subparagraphs  a-d). 

j>.  Provide  energy  dissipation  in  the  lower  lock  approach  by 
constructing  bottom  interlaced  laterals  downstream  of 
each  lock  chamber  (Plates  10  and  11) .  Consider  alternate 
proposals  for  discharges  from  the  river-wall  culvert 
(Plate  12). 


Purpose  of  Model  Investigation 

11.  It  was  recognized  that  the  improvements  to  the  hydraulic 
filling  and  emptying  system  listed  in  paragraph  10  constituted  sig¬ 
nificant  departures  from  the  existing  design.  Since  assurance  was 
necessary  that  the  proposed  structurally  feasible  modifications  would 
result  in  the  acceptable  performance  they  were  intended  to  provide,  a 
model  study  of  the  modified  system  was  required  to  confirm  the  hydraulic 
adequacy  of  the  modified  filling  and  emptying  system. 
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PART  II:  THE  MODEL 


Description 


12.  The  1: 25-scale  lock  model  reproduced  approximately  600  ft  of 
the  upstream  approach,  the  entire  landward  filling  and  emptying  system 
including  intakes,  culvert  tainter  valves  in  longitudinal  wall  culverts, 
the  interlaced  outlet,  and  about  500  ft  of  downstream  approach  (Fig¬ 
ures  2-7  and  Plate  13) .  The  riverward  lock  intake  and  outlets  were 
blocked  out  to  permit  Initial  tests  of  the  landward  lock  modifications. 
Upon  completion  of  the  landward  lock  modification  tests,  the  downstream 
topography  and  emptying  system  for  the  riverward  lock  were  installed  and 
the  modifications  for  the  riverward  lock  were  developed.  The  lock  ap¬ 
proach  topography  was  molded  in  concrete.  The  lock  chamber  was  con¬ 
structed  of  plywood  and  the  intakes,  longitudinal  wall  culverts,  and 
sidewall  port  manifolds  and  outlets  were  reproduced  in  plastic.  The 
culvert  valves  were  constructed  of  sheet  metal  and  fitted  with  rubber 
seals  to  prevent  leakage.  Six  sheet-metal  barges,  each  simulating  a 
length  of  120  ft  and  a  width  of  25  ft  (Plate  14),  were  loaded  with 
weights  to  reproduce  the  desired  drafts  of  9.0  ft  on  the  landward  lock 
and  6.5  ft  on  the  riverward  lock. 

Appurtenances  and  Instrumentation 

13.  Water  was  supplied  to  the  model  through  a  circulating  system. 
Both  the  headbay  and  tailbay  of  the  model  contained  skimming  weirs  that 
maintained  essentially  constant  upper  and  lower  pools  during  filling  and 
emptying  operations.  Vertical  adjustments  of  the  skimming  weirs  per¬ 
mitted  simulation  of  any  desired  upper  and  lower  pool  elevations.  Dye 
and  confetti  were  used  to  study  surface  and  subsurface  current  direc¬ 
tions.  Pressure,  cells  were  used  to  measure  instantaneous  pressures  at 
selected  locations  in  the  culvert  system. 

14.  The  instrumentation  and  control  system  provided  for  operation 
of  the  culvert  reverse  tainter  valves  and  later  slide  valves  (Figures  3 


Figure  5.  Chamber  and  sidewall 
port  manifold 


Figure  6.  Close-up  of 
outlet  for  landwali  lock 


Figure  7.  Outlet  and  lower 


approach  for  landwali  lock 


and  4)  were  simulated  by  means  of  a  programmable  d-c  motor.  The  posi¬ 
tion  of  the  valve  opening  was  indicated  by  a  linear  potentiometer.  The 
command  signal  plot  was  drawn  to  carefully  control  the  valve  position  as 
a  function  of  time.  The  control  system  was  further  enhanced  by  intro¬ 
ducing  two  electromagnetic  clutches  to  provide  for  both  normal  (dual) 
and  single  culvert  valve  control.  The  lock  water  surface  was  monitored 
by  means  of  a  commercial  water  level  probe. 

15.  A  hawser-pull  (force  links)  device  used  for  measuring  the 
longitudinal  and  transverse  forces  acting  on  the  upstream  and  downstream 
ends  of  a  tow  in  the  lock  chamber  during  filling  and  emptying  operations 
is  shown  in  Figure  8.  These  links  were  machined  from  aluminum  and  had 
SR-4  strain  gages  cemented  to  the  inner  and  outer  edges.  When  the 
device  was  mounted  on  the  tow,  one  end  of  the  link  was  pin^connected  to 
the  tow  while  the  other  end  engaged  a  fixed  vertical  rod  and  was  free  to 
move  up  and  down  with  changes  in  the  water-surface  elevation  in  the 
locks.  Any  horizontal  motion  of  the  tow  caused  the  links  to  deform  and 


Figure  8.  Hawser  force  links 
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vary  the  signal  to  a  recorder.  The  links  were  calibrated  by  inducing 
deflection  with  known  weights. 

16.  Data  were  recorded  graphically  on  a  commercial  recorder.  Th 
sensing  elements  (mechanical-to-electrical  conversion  devices)  located 
at  various  points  on  the  model  were  connected  by  shielded  cables  to  am¬ 
plifiers  where  the  outputs  were  stepped  up  to  the  level  required  for 
graphical  recording. 

Scale  Relations 


17.  The  accepted  equations  of  hydraulic  similitude,  based  upon 
the  Froudian  relations,  were  used  to  express  the  mathematical  relations 
between  the  dimensions  and  hydraulic  quantities  of  the  model  and  the 
prototype.  General  relations  for  transference  of  model  data  to  proto¬ 
type  equivalents  are  presented  in  the  following  tabulation. 


Dimension 


Ratio 


Model  Scale  Relations 
Lock  Gate 


Velocity 

V  =LX/* 
r  r 

1:5 

1:3.162 

Time 

T  -Ll/2 
r  r 

1:5 

1:3.162 

Discharge 

Q  -L5/2 
xr  r 

1:3,125 

1:316.23 

Weight 

W  =  L3 
r  r 

1:15,625 

1:1,000 

Force 

F  =  L3 

1“ 

1:15,625 

1  Cl, 000 

PART  III:  TESTS  AND  RESULTS 


Test  Procedure 

18.  Evaluation  of  the  various  elements  of  the  filling  and  empty¬ 
ing  systems  shown  in  Table  1  was  based  on  data  obtained  during  general 
filling  and  emptying  operations  with  a  37.8-ft  head  differential  (upper 
pool  el  725.0  and  lower  pool  el  687.2)  and  submergences  of  11  ft  in  the 
landward  lock  and  8.5  ft  in  the  riverward  locks,  which  had  chamber 
invert  elevations  of  676.2  and  678.7,  respectively.  Performance  was 
primarily  based  on  flow  conditions  and  distribution  at  the  intakes,  at 
the  outlets,  and  in  approaches  to  the  lock;  turbulence  and  hawser  forces 
measured  on  tows  moored  in  the  lock  chamber;  pressure  measurements 
throughout  the  system  and  particularly  below  the  filling  and  emptying 
culvert  valves  and/or  slide  gates;  and  filling  and  emptying  times.  In 
determination  of  flow  distribution  in  portions  of  the  system,  and  in 
some  studies  of  approach  and  exit  conditions,  fixed  heads  and  steady- 
flow  conditions  were  maintained  with  the  culvert  valves  and/or  miter 
gates  fully  or  partially  open.  For  steady-flow  tests,  water-surface 
elevations  within  the  lock  chamber  were  set  in  accordance  with  condi¬ 
tions  expected  at  a  given  instant  of  time  from  filling  and  emptying 
curves  recorded  for  particular  valve  or  slide  gate  opening  schedules. 

Landward  Lock  Filling  and  Emptying  System 
Type  1  (original)  system 

19.  The  type  1  design  filling  and  emptying  system  shown  in 
Plates  15-17  was  designed  to  utilize  as  much  of  the  existing  culvert  and 
culvert  alignments  as  possible  with  the  lock  chamber  and  sills  unchanged. 
Modifications  were  made  to  the  intermediate  wall  nose,  intakes,  culverts, 
sidewall  port  manifold,  interlaced  lateral  outlets,  and  filling  and 
emptying  valves.  The  shape  of  the  culvert  was  changed  from  round  to 
rectangular  and  the  invert  was  lowered  as  much  as  existing  structural 
and  foundation  considerations  would  permit.  Primary  elements  of  the 
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system  consisted  of  six-port,  sidewall  intake  manifolds  entering  8-ft- 
wide  by  10-ft-high  culverts  in  each  wall  at  invert  el  708.7.  The  cul¬ 
vert  then  dropped  30  ft  to  el  678.7  while  transitioning  to  an  8-ft-wide 
by  7.5-ft-high  section  at  the  reverse-mounted  culvert  tainter  valves. 
From  the  valves,  the  culvert  transitioned  to  a  9.5-ft-wide  by  7.5-ft- 
high  section  for  the  sidewall  port  manifold  that  consisted  of  19  ports 
in  each  culvert,  spaced  13  ft  on  centers  and  staggered  in  each  wall, 
with  individual  port  throats  1.5  ft  wide  by  2.3  ft  high.  This  resulted 
in  a  culvert-to-port-area  ratio  of  0.92.  An  8-ft-wide  by  7.5-ft-high 
transition  connected  the  chamber  manifold  to  reverse  tainter  emptying 
valves,  and  the  culverts  emptied  through  three  interlaced  lateral  out¬ 
lets  from  the  two  wall  culverts  downstream  of  the  lower  miter  gates. 

20.  Upstream  approach  and  type  1  intake  manifold.  During  pre¬ 
liminary  observations  the  5-ft  radius  installed  on  the  intermediate  wall 
nose  intake  (Plate  15)  was  found  to  be  too  short  and  inadequate  as 
swirls,  vortices,  and  an  air-entraining  vortex  formed  at  port  1.  The 
5-ft  radius  was  increased  to  12.5  ft  which  extended  the  nose  7,5  ft 
farther  upstream  to  sta  0+96  (type  2  nose,  Plate  18).  Surface  current 
patterns  in  the  upstream  approach  area  and  in  the  intermediate  vicinity 
of  the  type  1  intakes  with  the  type  2  intermediate  wall  nose  were  re¬ 
corded  by  means  of  5-sec-sequence  (exposure)  Photos  la-lf  during  a 
typical  4-min  valve  filling  operation.  The  culvert  valve  operating 
schedule  is  shown  in  Plate  19.  These  photographs  were  recorded  prior  to 
and  at  2,  4,  6,  8,  and  10  rain  after  the  start  of  a  4-min  valve  filling 
operation.  The  surface  currents  at  8  and  10  min  have  reversed  with 
movement  away  from  the  intakes  and  toward  the  river  approach.  Swirls 
will  occur  in  the  prototype,  but  vortex  or  air-entraining  vortex  prob¬ 
lems  will  not  result.  Similar  observations  with  the  upper  pool  lowered 
2  ft  to  el  723.0  resulted  in  no  perceptible  difference  in  surface  cur¬ 
rents  as  they  appeared  in  Photos  la-lf.  During  the  navigation  season, 
the  headwater  is  kept  normally  at  el  725.0.  The  flashboards  on  the  dam 
contain  shear  pins  which  fail  due  to  ice  pressures  or  high  spring  flows. 
During  the  winter  months  the  water  surface  in  the  upper  pool  will  thus 
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be  lowered  to  approximately  el  723.0.  Submergence*  over  the  intake  roof 
at  el  713.7  is  11.3  ft  with  normal  upper  pool  725.0,  and  9._>  ft  with 
upper  pool  at  el  723. C. 

21.  Velocities  at  the  wall  face  of  the  type  1  intake  ports  were 
measured  under  steady-flow  conditions,  and  these  velocities  and  result¬ 
ing  flow  distribution  are  plotted  in  Plate  20.  Flow  was  divided  with 
50.9  percent  through  the  intermediate  wall  intake  and  49.1  percent 
through  the  land  wall  intake,  and  distribution  across  the  manifold  was 
considered  to  be  satisfactory.  Steady-flow  pressures  in  and  throughout 
the  filling  system  are  shown  in  Table  2.  Piezometer  locations  are 
indicated  in  Plate  21.  The  type  1  intake  and  type  2  intermediate  wall 
nose  in  Plates  15  and  18  were  recommended  for  inclusion  in  the  landward 
lock  rehabilitation. 

22.  Pressures  at  the  filling  and  emptying  culvert  valves.  Sub- 
atmospheric  pressures  were  observed  with  pressure  cells  installed  on  the 
roof  of  the  culvert  (el  686.2)  downstream  of  the  filling  and  emptying 
valves  at  sta  0+95.45  and  4+21. 87B  (Plates  21  and  22).  The  bulkhead 
slots  upstream  and  downstream  of  the  filling  valves  were  sealed  at  the 
roof  of  the  culvert  during  these  measurements  to  prevent  the  drawing  of 
large  amounts  of  air  into  the  filling  system  unnecessarily.  Relief  of 
the  subatmospheric  pressure  conditions  by  means  of  controlled  air 
venting  will  be  discussed  later.  The  bulkhead  slots  upstream  and  down¬ 
stream  of  the  emptying  valves  were  not  sealed  and  controlled  air  venting 
will  also  be  needed  to  relieve  low  pressure  conditions. 

23.  Turbulence  in  the  lock  chamber  and  hawser  forces  on  tows 
moored  in  the  chamber  with  type  1  sidewall  port  manifold.  During  fill¬ 
ing  operations  turbulence  in  the  lock  chamber  was  considered  to  be 
excessive  with  the  type  1  system.  The  sidewall  port  manifold  with 
sloping  ports  (Plate  16)  7.25  ft  long  on  the  land  wall  and  5.08  ft  long 
on  the  intermediate  wall  directed  the  jets  downward,  from  the  culvert 
invert  at  el  678.7  to  the  chamber  invert  2.5  ft  lower  at  el  676.2,  in 


*  Submergence  is  the  difference  in  elevation  between  the  lower  pool  and 
the  lock  chamber  floor. 
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such  a  manner  that  flow  spread  hand-fan-shaped  fashion  and  the  opposing 
jets  met  near  the  center  of  the  lock  chamber  and  rolled  back  toward  the 
lock  walls.  Figure  9  shows  this  type  of  action,  flow  from  manifold 
ports  10  to  3  1  min  after  beginning  of  a  4-min  valve  filling  operation. 
Sequence  Photos  2a-2f  show  confetti  movement  (5-sec  exposure)  on  the 
lock  chamber  water  surface  during  a  similar  filling  operation.  Founda¬ 
tion  problems  in  the  existing  lock  necessitated  the  2.5-ft  difference  in 
culvert  and  chamber  invert  elevations.  This  required  sloping  of  the 
ports  negated  to  some  degree  the  optimum  design  of  the  manifold  with 
respect  to  culvert  and  port  throat-area  ratio  and  port  spacing  and 
staggering  in  opposite  walls. 

24.  Hawser  forces  were  measured  during  filling  and  emptying  with 
a  6-barge  tow  at  9-ft  draft  (4,844-ton  displacement)  with  the  upstream 
end  of  the  tow  at  sta  0+65  B.  Hawser  forces  versus  lock  filling  and 
emptying  times  are  shown  in  Plate  23.  Similar  data  for  the  same  head 


Figure  9.  Path  of  jets  from  intermediate  wall  after  beginning  of 
filling  operation,  type  1  (original)  design 


differential  and  2  ft  higher  upper  and  lower  pools  are  also  indicated  in 
Plate  23.  Although  hawser  forces  did  not  exceed  the  5-ton  criterion  for 
barge  tows,  turbulence  described  in  paragraph  23  was  most  unsatisfactory, 
particularly  for  small  craft;  and  it  was  obvious  that  further  develop¬ 
ment  of  the  sidewall  port  manifold  wouxd  be  necessary. 

25.  Type  1  outlets  and  lower  approach.  Details  of  the  type  1  out¬ 
lets  and  lower  approach  are  shown  in  Plates  10  and  17  and  Figures  6  and 
7.  Velocities  recorded  at  the  face  c-f  the  outlet  lateral  ports  and  the 
resulting  flow  distribution  under  steady-flow  conditions  are  plotted  in 
Plate  24.  Flow  W3S  divided  with  49.6  percent  through  the  land  wall  lat¬ 
erals  and  50.4  percent  through  the  intermediate  wall  laterals.  Steady- 
flow  pressures  observed  is  the  emptying  system  are  shown  in  Table  3. 
Piezometer  locations  are  shown  in  Plate  21.  Figure  10  shows  flow  condi¬ 
tions  at  the  outlet  with  maximum  discharge  for  a  normal  head  and  4-min 
valve  time.  Velocities  and  flow  distribution  at  the  type  1  outlets  and 
flow  conditions  in  the  lower  approach  were  satisfactory.  These  outlets 
are  recommended  for  use  in  rehabilitation  of  the  landward  lock. 

26.  Overall  lock  coefficients.  The  culvert  valve  schedule  in 
Plate  19  for  valve  times  of  2,  4,  6,  and  8  min  resulted  in  filling  and 
emptying  times  shown  in  Plate  25.  Overall  lock  coefficients  (C  ),  based 

let 

on  these  data,  were  computed  by  the  equation 


where 

=  area  of  lock  chamber,  sq  ft 
H  =  initial  head,  ft 

d  =  measured  overfill  or  undertravel,  ft 
Ac  =  area  of  col vert,  sq  ft 
T  *  filling  or  emptying  time,  sec 
K  =  a  constant 
t  =  valve  time,  sec 

V  ,  7 

g  =  acceleration  due  to  gravity,  ft/sec 
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Figure  10.  Flow  conditions  during  peak 
discharge  at  type  1  (original)  design 
outlet,  4-min  valve  time 

•  The  term  T  -  Kt^  is  lock  filling  or  emptying  time  for  the  hypothetical 

\  case  of  instantaneous  valve  opening  as  is  obtained  directly  from  the 

|  curves  plotted  in  Plate  25.  Computed  overall  lock  coefficients  for  the 

type  1  (original)  system  were  0.59  for  filling  and  0.57  for  emptying. 

?  Alternate  systems 

27.  The  original  sidewall  port  manifold  required  additional 
modification  and  testing.  For  optimum  performance  the  wall  culverts, 
ports,  and  lock  chamber  would  have  a  common  invert  el  671.7,  which  is 
15.5  ft  below  lower  pool  el  687.2.  This  would  provide  6,5-ft  clearance 
for  dissipation  of  port  jet  energy  beneath  a  9-ft  draft  tow.  Due  to 
foundation  and  structural  problems,  instead  of  15.5-ft  submergence  over 
the  lock  floor  there  was  a  minimum  submergence  of  only  11  ft  and  2-ft 
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clearance  beneath  a  9-ft  draft  tow.  Also,  because  of  foundation  and 
structural  problems,  the  ports  were  sloped  downward  2.5  ft  from  the 
invert  of  the  culvert  to  the  chamber  invert.  Thus,  the  jets  were  forced 
into  the  invert  and  dissipated  in  the  hand-fan-shaped  fashion  in  this 
area,  reflected  upward  toward  the  center  line  of  the  chamber,  and  rolled 
back  toward  the  wall  from  which  flow  entered,  which  generated  subsurface 
and  surface  turbulence  in  the  lock  chamber.  Tests  were  conducted  with 
various  deflector  walls  and  trenches  in  an  effort  to  reduce  the  high 
degree  of  turbulence  observed  with  the  type  1  system.  Tests  were  also 
conducted  with  the  wall  culvert,  port,  and  chamber  floor  at  a  common 
invert  elevation  to  determine  what  effect  this  would  have  on  turbulence 
and  hawser  forces.  All  of  the  sidewall  port  modifications  were  tested 
with  other  elements  of  the  systems  unchanged  from  the  type  1  system. 

28.  Type  2  sidewall  port  manifold  and  system.  Port  deflectors  1 
to  2  ft  high  and  3  ft  long  (Plate  26)  were  tested  in  an  effort  to  reduce 
the  spreading  of  the  sloping  port  jets  and  turbulence  in  the  chamber. 

The  type  4  deflector  (4  ft  long  and  1  ft  high)  was  the  most  satisfactory 
and  was  selected  as  an  element  of  the  type  2  sidewall  port  manifold  and 
system.  Figure  11  shows  the  path  of  the  jets  issuing  from  the  inter¬ 
mediate  wall  ports  10  to  3  1  min  after  beginning  of  a  4-min  valve  open¬ 
ing.  A  considerable  reduction  in  jet  spread  and  control  of  flow  across 
the  lock  is  apparent  when  the  type  1  manifold  jets  in  Figure  9  are  com¬ 
pared  with  the  type  2  manifold  jets  in  Figure  11.  Sequence  photographs 
of  confetti  movement  on  the  chamber  water  surface  with  a  4-min  valve 
time  are  presented  in  Photos  3a-3f.  The  deflectors  significantly  im¬ 
proved  turbulence  in  the  chamber  as  can  be  seen  by  comparing  Photos  2a-2f 
(type  1)  with  Photos  3a-3f  (type  2).  The  type  4  deflectors  in  the 
type  2  system  were  1  ft  high  and  with  only  1-ft  minimum  clearance  be¬ 
tween  the  deflector  and  a  9-ft  draft  tow,  problems  could  be  encountered 
during  entering  or  exiting  as  well  as  during  emptying  operations  due  to 
squat*  of  the  towboat  and  tow,  and  undertravel  at  the  end  of  emptying 

*  Squat  is  the  settling  of  a  towboat  or  tow  at  a  deeper  draft  in  the 
available  submergence  in  the  lock  chamber  due  to  the  increased  power 
applied  to  move  or  slow  a  tow  within  the  confines  of  a  lock  chamber. 
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Figure  11.  Path  of  jets  from  intermediate  wall  after  beginning  of 
filling  operation,  type  2  sidewall  port  manifold  design 


operations.  In  the  model  tests,  the  1-ft  clearance  between  the  top  of 
the  deflector  and  bottom  of  a  9-ft  draft  tow  was  adequate  during  empty¬ 
ing  undertravel;  however,  the  practicality  of  this  small  amount  of 
clearance  was  considered  marginal  for  tows  entering  and  exiting  the  lock 
chamber. 

29.  Comparison  of  filling  and  emptying  times  for  types  1  and  2 
systems  with  normal  and  single  (right)  culvert  operations  are  shown  in 
Plate  25.  Maximum  longitudinal  hawser  force  data  on  a  6-barge  tow  at 
9-ft  draft  are  compared  in  Plate  27. 

30.  Type  3  sidewall  port  manifold  and  system.  Since  the  use  of 
deflector  walls  in  type  2  sidewall  port  manifold  and  system  was  not  a 
feasible  or  practical  solution  to  the  control  of  jet  flow  from  the  side- 
wall  port  manifold,  the  manifold  port  jets  were  investigated  with  vari¬ 
ous  lengths  of  1-  and  2-ft-deep  trenches  in  the  floor  of  the  lock  cham¬ 
ber  immediately  in  front  of  each  port  (Plate  28).  The  0.75-f t-radius 


24 


curves  at  the  side  of  the  portals  adjacent  to  the  chamber  were  removed 
so  that  the  ports  entered  the  chamber  and  trench  at  a  2.10-ft  width  on 
the  land  wall  side  and  1.88-ft  width  on  the  intermediate  wall  side.  The 
invert  slope  of  each  port  was  extended  past  the  chamber  and  port  wall 
face  into  the  trench  at  the  invert  depth  being  investigated.  In  addi¬ 
tion  to  the  types  1-8  trenches  shown  in  Plate  28,  performance  was  ob¬ 
served  with  sloped  as  well  as  square  ends  in  the  trenches.  Turbulence 
in  the  lock  chamber  was  less  with  the  type  8  trench  in  front  of  the 
sidewall  port  manifolds.  This  trench  was  1  ft  deep  at  invert  el  675.2 
and  28  ft  long  to  the  center  line  of  the  lock  chamber.  The  type  1 
manifold  modified  to  include  the  type  8  trenches  was  designated  the 
type  3  manifold  and  system.  The  port  jet  tends  to  follow  the  trenches 
as  shown  in  Figure  12,  a  photograph  of  the  jets  discharging  from  inter¬ 
mediate  wall  ports  10  to  3  (left  to  right  or  top  to  bottom  of  the  figure) 
1  min  after  the  start  of  a  4-min  valve  opening.  Sequence  photographs  of 


Figure  12.  Path  of  jets  from  intermediate  wall  after  beginning  of 
filling  operation;  type  3  sidewall  port  manifold  design 


confetti  on  the  chamber  water  surface  are  presented  in  Photos  4a-4f. 

These  photographs  show  that  the  turbulence  was  most  satisfactory.  The 
Photos  4a-4f  sequence  can  be  compared  with  similar  Photos  2a-2f  for 
type  1  and  Photos  3a-3f  for  type  2  manifolds  and  systems. 

31.  Type  4  sidewall  port  manifold  system.  Since  the  riverward 
lock  design  had  the  wall  culvert,  ports,  and  chamber  invert  at  a  common 
invert  elevation  of  676.2,  it  was  decided  to  make  comparative  tests  of 
this  system  after  the  model  was  revised  to  simulate  the  riverward  lock. 
This  was  accomplished  by  raising  upper  and  lower  pool  elevations  2.5  ft 
and  maintaining  initial  submergence  of  11  ft  in  the  chamber  and  a  37.8-ft 
head  as  in  previous  tests  of  types  1  to  3  manifolds  and  systems.  The 
culvert  roof  was  submerged  3.5  ft  instead  of  1  ft  in  tests  of  types  1  to 
3  systems;  this  was  designated  the  type  4  system  (Table  1). 

32.  Observance  of  turbulence  in  the  lock  chamber  during  filling 
and  emptying  indicated  good  distribution  of  flow  throughout  the  chamber. 

A  photograph  of  the  path  of  jets  from  the  intermediate  wall  ports  10  to 
3  (left  to  right  or  top  to  bottom  of  photograph)  obtained  1  min  after 
the  4-min  valve  began  to  open  is  shown  in  Figure  13.  The  dye  jets  and 
strings  on  the  lock  chamber  floor  indicate  the  existence  of  well- 
directed  flow  with  a  minimum  of  disturbance  in  the  area  when  the  flow 
from  the  staggered  ports  intermingled.  There  was  sufficient  rubbing  of 
the  jets  and  accompanying  energy  dissipation  to  prevent  the  jets  from 
reaching  the  opposite  wall  with  excessive  energy  of  strength  to  induce 
adverse  upwelling  along  the  wall.  Sequence  photographs  of  confetti 
movements  on  the  water  surface  during  filling  with  a  4-min  valve  time 
are  shown  in  Photos  5a-5f. 

33.  Maximum  hawser  forces  versus  filling  and  emptying  times  for 
6-  and  2-barge  tows  at  9-ft  draft  are  plotted  in  Plate  29.  Hawser 
forces  did  not  exceed  the  5-ton  criterion  for  barge  tows  with  valve 
times  between  2  to  8  min.  Similar  data  for  single  (right)  culvert 
operations  are  plotted  in  Plate  30. 

34.  Minimum  pressure  gradient  elevations  (ft  msl)  versus  filling 
and  emptying  times  with  normal  and  single  (right)  culvert  operations  are 
plotted  in  Plate  31.  The  shaded  data  were  recorded  with  upper  and  lower 


Figure  13.  Path  of  jets  from  intermediate  wall  after  beginning  of 
filling  operation;  type  4  sidewall  port  manifold  design.  Chamber 
floor  invert  el  678.7,  upper  pool  el  727.5,  lower  pool  el  689.7, 

11 -ft  submergence 

pools  raised  2.5  ft  above  normal  (unshaded)  conditions.  The  shaded  data 
reflect  11-ft  initial  submergence  over  the  chamber  floor  and  3.5-ft 
initial  submergence  over  the  roof  of  the  culvert.  The  unshaded  data  are 
for  8.5-ft  initial  submergence  over  the  chamber  floor  and  1.0-ft  initial 
submergence  over  the  roof  of  the  culvert. 

Recommended  (type  3)  systems 

35.  The  type  3  (recommended)  filling  and  emptying  system  (Table  1) 
for  the  landward  lock  site  consisted  of  the  following  elements, 
ju  Type  2  intermediate  wall  nose  (Plate  18). 
b..  Type  1  intake  manifold  (Plate  15). 

£.  Culvert  reverse  tainter  valves  (Plates  9,  15,  and  17). 
Subsequent  test  of  slide  gates  in  the  l:25-scale  model 
for  the  riverward  lock  site  and  in  a  1: 10-scale  model 
(for  the  purpose  of  studying  hoist  loads)  indicated 
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satisfactory  performance.  However,  the  sponsor  preferred 
the  reverse-mounted  culvert  tainter  valves  due  to  the 
proven  success  with  this  type  of  valve  experienced  over 
long  periods  of  lock  operations  at  other  Corps  of  Engi¬ 
neer  navigation  locks.  It  was  recommended  that  verti¬ 
cally  framed  tainter  valves  developed  during  model  tests 
of  the  Holt  Lock*  for  the  U.  S.  Army  Engineer  District, 
Mobile,  be  adopted  for  Lock  No.  1  modifications. 

d_.  Type  3  sidewall  port  manifold. 

£.  Type  1  discharge  outlets  (Plate  17). 

36.  Comparisons  of  filling  and  emptying  times  for  filling  and 

emptying  systems  types  1-4  for  normal  and  single  valve  operations  are 
plotted  in  Plate  32.  Maximum  hawser  forces  measured  on  a  6-barge  tow  at 
9-ft  draft  are  plotted  in  Plate  33.  These  plots  reveal  very  small 
differences  in  filling  and  emptying  times  and  hawser  forces.  However, 
the  water-surface  turbulence  was  considered  to  be  more  satisfactory  for 
types  3  and  4  systems  (compare  Photos  4a-4f  and  5a-5f ) .  The  type  3  sys¬ 
tem  appears  to  be  the  most  feasible  and  economic  because  the  type  4  sys¬ 

tem,  as  developed  in  model  tests  for  the  landward  lock,  requires  lowering 
the  culvert  manifolds  2.5  ft  from  invert  el  678.7  to  el  676.2. 

37.  Average  pressures  throughout  the  type  3  system  during  filling 

and  emptying  operations  are  listed  in  Tables  4  and  5.  Piezometer  loca¬ 
tions  are  shown  in  Plate  21.  Subatmospheric  pressures  were  recorded  on 
the  roof  of  the  culvert  downstream  of  the  filling  and  emptying  valves  by 
means  of  pressure  cells  installed  at  sta  0+95. 45B  and  4+21. 87B.  Minimum 
pressure  gradient  elevations  (ft  msl)  versus  filling  and  emptying  times 
for  2-,  4-,  6-,  and  8-min  valve  times  are  plotted  in  Plate  34.  The 
bulkhead  slots  upstream  and  downstream  of  the  filling  valves  were  sealed 

at  the  roof  of  the  culvert.  The  bulkhead  slots  upstream  and  downstream 

of  the  emptying  valves  were  not  sealed.  Similar  data  for  single  (right) 
culvert  valve  operations  are  plotted  in  Plate  34.  Single  12-in. -diam 
air  vents  should  be  flush-mounted  at  all  valves  on  the  roof  of  the 


*  T.  E.  Murphy  and  J.  H.  Abies,  Jr.,  "Lock  Filling  and  Emptying  System, 
Holt  Lock  and  Dam,  Warrior  River,  Alabama;  Hydraulic  Model  Investiga¬ 
tion,"  Technical  Report  No.  2-698,  Nov  1965,  U.  S.  Army  Engineer 
Waterways  Experiment  Station,  CE,  Vicksburg,  Miss. 


28 


culvert  about  3.5  ft  (one-half  the  culvert  height)  downstream  of  the  re¬ 
verse  tainter  valve  to  prevent  the  potential  for  structural  damage  due 
to  cavitation.  Control  valves  (which  can  be  locked  after  setting)  should 
be  installed  on  the  air  vents  at  the  top  of  the  lock  wall  to  provide  for 
a  controlled  admission  of  air  in  the  prototype.  At  the  time  the  modifi¬ 
cations  to  the  existing  lock  are  placed  in  operation,  hydraulic  design 
personnel  of  NCS  and  WES  should  assist  in  determining  the  vent  valve 
control  settings  that  will  preclude  cavitation  without  an  excessive 
amount  of  air  and  additional  turbulence  in  the  lock  chamber.  This  has 
been  done  successfully  at  several  locks  and  experience  has  shown  that 
satisfactory  performance  can  be  obtained  within  a  range  of  settings. 

The  vent  valves  should  then  be  locked  at  the  desired  position  to  prevent 
accidental  changing  of  the  setting.  Additional  information  on  design  of 
culvert  valve  vents  is  given  in  paragraphs  2-5  of  EM  1110-2-1610, 

15  August  1975,  "Hydraulic  Design  of  Lock  Culvert  Valves." 

38.  Maximum  hawser  forces  versus  filling  and  emptying  times  mea¬ 
sured  with  6-  and  2-barge  tows  at  9-ft  drafts  are  plotted  in  Plate  35. 
Hawser  forces  did  not  exceed  the  5-ton  criterion  for  barge  tows  at  valve 
times  of  2,  4,  6,  and  8  min.  Similar  data  for  single  (right)  culvert 
valve  operations  are  shown  in  Plate  36.  The  high  transverse  hawser 
forces  acting  on  the  tow  toward  the  right  wall,  which  contains  the  fill¬ 
ing  culvert,  are  to  be  expected  since  the  model  tow  was  moored  at  the 
center  line  of  the  lock  chamber  and  full  force  is  allowed  to  develop  in 
this  direction.  A  tow  moored  at  floating  mooring  bits  in  the  right  wall 
would  rise  vertically  with  the  tow  securely  snubbed  in  position  without 
any  difficulty. 

39.  Delayed  valve  operations  were  considered  prior  to  initiation 
of  model  testing  and  several  delayed  valve  operations  were  investigated 
using  the  kinematics  of  a  4-min  valve  schedule  and  introducing  a  2-min 
delay  in  opening  at  1.5,  1.75,  and  2.0  min,  and  then  continuing  until 
the  valve  reaches  the  fully  open  position  in  6  min.  Hawser  forces  and 
minimum  pressures  on  the  culvert  roof  downstream  of  the  valves  are 
plotted  in  Plate  37.  Delayed  valve  operations  require  slightly  longer 
to  fill  and  empty  with  no  significant  advantages  in  hawser  forces  or 


minimum  pressures  at  the  valves.  In  addition,  prototype  valve  operating 
equipment  would  be  more  complicated. 

40.  The  type  3  filling  and  emptying  system  should  be  operated 
with  either  a  4-  or  2-min  valve  schedule  as  shown  in  Plate  19.  Filling 
and  emptying  times  are  shown  in  Plate  32.  Computed  overall  lock  coeffi¬ 
cients  for  the  type  3  (recommended)  system  were  0.57  for  filling  and 
0.54  for  emptying. 

Riverward  Lock  Filling  ana  Emptying  System 

41.  The  riverward  lock,  as  a  result  of  existing  conditions,  has 
only  8.5  ft  of  submergence  over  the  chamber  floor  and  1  ft  of  cover  over 
the  roof  of  the  culverts.  A  normal  head  of  37.8  ft  and  normal  upper  and 
lower  pools  of  725.0  and  687.2,  respectively,  were  reproduced  in  all 
riverward  lock  tests.  Barge  tow  draft,  because  of  the  available  8.5-ft 
submergence,  was  limited  to  6.5  ft  in  all  riverward  lock  tests. 

Type  4  system 

42.  Riverward  lock  tests  were  initiated  with  the  recommended 
elements  of  the  type  4  system  for  the  landward  lock,  and  the  sidewall 
port  manifold  (Figure  14,  Plate  38),  culvert,  ports,  and  chamber  at  in¬ 
vert  el  678.7  (type  4,  Table  1).  Turbulence  on  the  lock  chamber  water 
surface  is  indicated  in  sequence  Photos  6a-6f.  The  degree  of  turbulence 
was  considered  to  be  satisfactory.  Plots  showing  filling  and  emptying 
characteristics  with  a  6.5-ft-draft  tow  and  pressures  downstream  of  the 
reverse  tainter  valves  are  presented  in  Plates  30-32  and  39.  A  request 
was  made  by  the  sponsor  to  measure  hawser  forces  on  a  single  line  of 
three  barges  aligned  end  to  end,  as  well  as  on  a  full  6-barge  tow  for 
normal  and  single  (right)  culvert  operations.  These  data  are  shown  in 
Plates  40  and  41.  The  type  4  system,  with  only  8.5-ft  minimum  submer¬ 
gence  over  the  lock  floor,  performed  satisfactorily  with  tows  loaded  to 
6.5-ft  draft.  Average  pressures  throughout  the  type  4  system  with  4-min 
valve  schedule  are  listed  in  Tables  6  and  7.  Piezometer  locations  are 
shown  in  Plate  21.  Filling  culvert  piezometers  A-E  were  added  on  the 
invert  of  the  right  wall  culvert  drop  section  upstream  of  the  filling 
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Figure  14.  Sidewall  port  manifold  prior  to  installation 


valve,  and  piezometers  C'  and  C"  also  were  added  in  the  same  vicinity  on 
the  roof  of  the  culvert  immediately  downstream  of  the  bulkhead  at 
sta  0+37B.  Average  pressure  conditions  throughout  the  system  were  found 
to  be  satisfactory.  Minimum  culvert  roof  pressures  downstream  of  the 
culvert  valves  are  shown  in  Plate  31. 

Type  5  system 

43.  The  reverse  tainter  control  valves  installed  in  the  wall 
culverts  for  all  model  tests  of  the  types  1-4  systems  were  replaced  with 
slide  gates  in  the  type  5  system.  The  slide  gate  and  gate  slot  design 
are  shown  in  Plates  42  and  43.  The  type  5  system  is  shown  schematically 
with  piezometer  locations  in  Plate  44.  The  slide  gates  for  filling 
operations  were  essentially  in  the  same  position  as  the  lower  lip  of  the 
tainter  valves  in  this  closed  position.  However,  the  emptying  slide 
gates  were  located  approximately  78  ft  farther  downstream  than  the 
tainter  valves  in  order  to  possibly  utilize  the  existing  prototype 
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stoney  valve  slots.  Except  for  the  installation  of  slide  gates,  the 
type  5  system  was  identical  with  the  type  4  system. 

44.  Plate  19  shows  the  proposed  constant-speed  gate  schedule  used 
in  all  slide  gate  operations.  Filling  and  emptying  times  versus  valve 
times  are  presented  in  Plate  45.  Average  pressures  throughout  the 
system  with  a  4-min  valve  time  are  listed  in  Tables  8  and  9.  Minimum 
pressures  recorded  with  pressure  cells  on  the  culvert  roof  immediately 
downstream  of  the  slide  gates  during  normal  and  single  (right)  culvert 
operations  are  plotted  in  Plate  46.  Table  10  is  a  tabulation  of  visual 
observations  of  minimum  water-surface  levels  in  the  bulkhead  slots 
immediately  upstream  of  the  filling  and  emptying  gates  during  2-,  4-, 

6-,  and  8-min  normal  and  single  gate  operations.  During  emptying  opera¬ 
tion,  the  bulkhead  water  level  dropped  to  the  culvert  roof  at  el  686.2. 
Although  no  air  entered  the  emptying  culvert  from  the  slot,  the  condi¬ 
tion  is  marginal;  and  air  could  be  expected  to  enter  the  culvert  in  the 
more  efficient  prototype  structure.  Thus,  provisions  to  seal  the  bulk¬ 
head  slots  upstream  as  well  as  downstream  of  the  emptying  valve  and 
downstream  of  the  filling  valve  should  be  provided  if  the  slide  gates 
are  adopted  for  modification  of  the  riverward  lock  system. 

45.  Maximum  hawser  forces  during  filling  and  emptying  operations 
with  normal  and  single  (right)  gate  operations  were  measured  with  6-  and 
2-barge  tows  at  6.5-ft  draft  (Plates  47  and  48).  The  hawser  forces  were 
considered  to  be  satisfactory.  The  comment  regarding  transverse  hawser 
forces  on  single  gate  filling  operation  in  paragraph  38  is  pertinent  to 
all  sidewall  port  filling  systems. 

46.  The  type  5  system  was  more  efficient  than  the  systems  with 
the  reverse  tainter  valves.  Normal  filling  and  emptying  operations 
required  about  1  min  less  time,  and  there  was  a  reduction  of  about  2  min 
during  single  culvert  filling  and  emptying  operations.  The  type  5 
system  (Table  1)  performed  satisfactorily  in  all  respects  for  a  system 
with  a  minimum  of  8.5-ft  submergence  in  the  chamber  at  lower  pool  and 
barge  tow  draft  limited  to  6.5  ft. 

Type  6  system 

47.  The  filling  system  in  the  type  6  system  was  identical  with 
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the  type  5  system.  Thus,  no  additional  filling  tests  were  conducted 
with  this  systen.  The  type  6  emptying  systsm  (Table  1)  included  a  three- 
lateral  outlet  positioned  left  of  the  intermediate  wall  culvert  in  the 
lower  riverward  lock  approach  for  the  right  culvert  (type  2  design, 

Plate  49)  and  a  four-port  outlet  (type  3,  Plate  12)  for  the  left  culvert. 
These  outlets  are  shown  in  Figure  15.  The  riverward  outlet  discharged 
into  a  45-ft-wide  channel  with  invert  elevation  of  677.0,  and  this  chan¬ 
nel  was  positioned  behind  the  high  topography  adjacent  to  the  left  guard 
wall  downstream  of  the  lock  as  shown  in  Plate  50.  The  dashed  lines  at 
the  lower  left  end  of  the  riverward  outlet  channel  in  Plate  50  indicate 
a  transition  from  invert  el  677.0  to  existing  topography  to  permit 
smooth  outlet  flow  into  the  river.  Both  slide  gates  for  the  type  6 
emptying  system  were  moved  95.5  ft  upstream,  from  sta  4+94B  in  the 
type  5  system  to  sta  3+98. SOB  in  the  type  6  system,  as  shown  in  Plate  49. 


Figure  15.  General  view  of  lower  approach  to  type  6  filling  and 
emptying  system  with  types  2  and  3  outlets  for  riverward  lock 

installed 


Photos  7a-7c  show  4-min  slide  gate  operations  with  peak  discharge 
conditions  for  normal  (Photo  7a),  single  (right.  Photo  7b),  and  single 
(left.  Photo  7c)  culvert  operations.  There  appeared  to  be  no  problem  in 
the  lower  approach  area  during  any  of  the  operations.  The  turbulence  in 
the  lower  approach  was  confined  to  the  Immediate  vicinity  above  and 
adjacent  to  the  laterals  with  slightly  greater  flow  near  the  first  ports 
in  each  lateral.  This  was  not  considered  to  be  a  problem  since  tows  or 
small  craft  are  not  permittee  in  this  area  prior  to  completion  of  an 
emptying  operation. 

48.  Velocities  measured  at  the  face  of  the  types  2  and  3  outlets 
and  the  resulting  flow  distribution  under  steady-flow  conditions  are 
shown  in  Plates  51  and  52.  The  distribution  of  flow  was  43.2  percent 
through  the  right  outlet  and  56.8  percent  through  the  left  outlet.  In 
the  right  culvert  outlet,  laterals  1  and  2  each  passed  slightly  more 
than  a  third  of  the  right  culvert  total  flow  and  lateral  3  carried 
slightly  less  than  a  third  of  the  flow.  In  the  riverward  outlet,  port  1 
carried  about  21  percent  while  ports  2-4  passed  the  balance  of  left 
culvert  flow  in  near  equal  amounts.  Flow  in  the  outlets  was  considered 
to  be  satisfactory.  Steady-flow  pressures  in  the  type  6  emptying  system 
are  listed  in  Table  11.  Piezometer  locations  are  shown  in  Plates  44  and 
53.  Average  pressures  throughout  the  type  6  emptying  system  with  4— min 
valve  times  are  shown  in  Tables  12-14.  Plate  54  is  a  plot  of  minimum 
pressures  measured  with  a  pressure  cell  mounted  flush  with  the  culvert 
roof  5  ft  downstream  of  the  emptying  gate  (Plate  53).  The  bulkhead 
slots  downstream  of  the  slide  gates  were  sealed  at  the  culvert  roof. 
Table  15  is  a  record  of  visual  observations  cf  the  water  level  in  the 
bulkhead  slots  located  10  ft  upstream  of  the  slide  gates  during  emptying 
operations.  For  all  gate-operating  schedules  the  water  level  reached 
the  roof  of  the  culvert.  No  air  was  admitted  at  the  slot  into  the  right 
(intermediate)  culvert  for  normal  or  single  gate  operations;  however, 
air  was  entrained  through  the  slot  into  the  left  (riverward)  culvert 
flow  for  some  normal  and  single  gate  operations  (Table  15).  Since  the 
prototype  lock  is  expected  to  be  about  10  percent  more  efficient  than 
the  1: 25-scale  model,  air  can  be  expected  to  enter  the  prototype  culvert 
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through  the  bulkhead  slots  10  ft  upstream  of  the  slide  gate.  The  air 
entrainment  will  occur  after  or  near  full  gate  opening  and  minimum  pres¬ 
sures  downstream  of  the  slide  gates  will  have  already  occurred.  There¬ 
fore,  provisions  should  be  provided  in  the  prototype  to  seal  the  bulk¬ 
head  slots  upstream  and  downstream  of  the  slide  gates  near  the  culvert 
roof,  and  a  controlled  12-in. -diam  air  vent  should  be  positioned  on  the 
center  line  of  the  roof  about  3.5  ft  downstream  of  the  slide  gate.  The 
controls  should  be  located  at  the  top  of  the  lock  wall  to  permit  control 
adjustment  and  locking  by  representatives  of  NCS  and  WES  prior  to 
opening  the  lock  system  should  the  type  6  emptying  system  be  adopted  for 
modernization  of  the  riverward  lock  at  Lock  No.  1. 

49.  Maximum  hawser  forces  on  6-  and  2-barge  tows  at  6.5-ft  draft 
versus  emptying  times  are  plotted  in  Plate  55.  Hawser  forces  did  not 
exceed  3  tons.  Plate  56  is  a  plot  of  emptying  times  versus  slide  gate 
times  and  these  plots  were  used  in  computing  overall  lock  coefficients 
of  0.59  for  normal  emptying,  0.52  for  single  (right)  culvert  emptying, 
and  0.61  for  single  (left)  culvert  emptying.  The  equation  for  these 
computations  is  shown  in  paragraph  26. 

Recommendations 

50.  All  of  the  filling  and  emptying  systems  tested  for  the  river- 
ward  lock  performed  satisfactorily  and  any  of  these  systems  would  be 
adequate  for  rehabilitating  the  existing  lock.  Little  difference  ould 
be  detected  in  the  hydraulic  performance  of  the  lock  when  either  tainter 
valves  or  slide  gates  were  used  to  control  filling  and  emptying.  If 
tainter  valves  are  used,  they  should  be  the  vertically  framed  type  ref¬ 
erenced  in  paragraph  35.  A  4-min  opening  schedule  as  shown  in  Plate  19 
is  recommended.  Controlled  air  vents  (12-in.  diam)  will  be  required  at 
each  valve  as  described  in  paragraph  37. 

51.  Either  the  type  1  interlaced  lateral  outlet  (Plate  17)  or  the 
separated  types  2  and  3  outlets  (Plates  49  and  12)  performed  satisfac¬ 
torily.  Hie  types  2  and  3  outlets  were  designed  to  remove  a  portion  of 
emptying  discharge  away  from  the  lower  approach  of  the  riverward  lock, 
particular1/  since  the  landward  lock  empties  in  an  adjacent  area.  How¬ 
ever,  under  normal  circumstances,  it  is  very  unlikely  that  the 
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lockmaster  would  allow  simultaneous  emptying  operations  of  the  locks, 
even  if  both  locks  were  operable  and  active. 

1: 10-Scale  Model  Slide  Gate  Tests 


52.  As  a  part  of  the  preliminary  design  studies  for  Lock  No.  1, 
the  sponsor  requested  model  tests  to  determine  hoist  loads  on  a  proposed 
slide  gate  design  (Plates  42  and  43),  which  was  under  consideration  for 
control  of  the  filling  and  emptying  operations.  Slide  gates  performed 
satisfactorily  in  l:25-scale  model  tests  of  the  types  5  and  6  filling  and 
emptying  systems  as  discussed  in  paragraphs  43-48.  The  alternate  pro¬ 
posal  of  slide  gates  in  lieu  of  tainter  valves  was  under  consideration 
because  of  relative  estimated  cost  and  related  service  factors.  After 
completion  of  the  l:25-scale  model  test,  a  1: 10-scale  model  of  the  slide 
gate  and  a  single  culvert  was  constructed  (Figures  16  and  17)  to  deter¬ 
mine  pressures  near  the  gate  and  hoist  loads  on  the  gate.  Figure  18 
shows  the  model  test  gate  which  simulated  a  prototype  gate  with  a  dry 
weight  of  4,209  lb  and  a  submerged  weight  of  1,814  lb. 

53.  The  slide  gate  was  built  as  shown  in  Plates  42  and  43,  with 
seals  removed  from  the  gate  and  stainless  steel  bearings  added  outside 
and  downstream  in  the  slot  area  to  minimize  friction  so  that  only  hy¬ 
draulic  loads  would  be  measured.  The  slide  gate  was  positioned  at 
various  gate  openings,  and  a  range  of  discharges  were  passed  through  the 
culvert  with  the  energy  gradient  immediately  upstream  of  the  gate  main¬ 
tained  at  approximately  46.3  ft  (el  725.0)  above  the  culvert  invert 

(el  678.7).  The  energy  gradient  was  maintained  by  means  of  a  control 
gate  at  the  end  of  the  culvert,  approximately  142  ft  downstream  of  the 
slide  gate.  Details  of  the  gate  slot  are  shown  in  Plate  43.  Plots  of 
the  loads  listed  in  Table  16  permit  identification  of  hoist  loads  for 
any  slide  gate  operating  schedule  with  appropriate  discharges. 

54.  Hoist  loads  on  the  slide  gate  were  measured  by  means  of  a 
force  cell  mounted  as  an  integral  part  of  the  operating  strut  immedi¬ 
ately  above  the  gate  pickup  point  (Figure  17).  The  force  cell  output 
signal  was  transmitted  through  a  flexible  cable,  amplified,  and  recorded 
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of  slide  gate  slot 


Figure  18.  Side  view  of  type  1  (original)  slide  gate; 
submerged  weight  1,814  lb,  dry  weight  4,209  lb 


on  a  direct-writing  recorder.  The  operating  strut  was  aligned  so  that 
the  force  along  the  vertical  axis  was  the  only  significant  component. 

The  electrical  cable  was  attached  so  that  it  did  not  contribute  lateral 
forces  on  the  strut  or  project  into  the  flow  stream. 

55.  Hoist  loads  on  the  slide  gate  to  be  expected  during  normal 
4-min  gate  operation  simulating  the  type  5  filling  and  emptying  cycle 
are  plotted  in  Plates  57  and  58.  Similar  hoist  loads  for  tae  type  6 
emptying  system  for  a  4-min  valve  schedule  and  normal,  single  (right) 
and  single  (left)  culvert  operations  are  plotted  in  Plates  59-61.  The 
discharge  curves  in  Plates  57-61  were  computed  from  filling  and  emptying 
data  recorded  on  the  1: 25-scale  comprehensive  model  in  which  the  type  5 

v 

and  6  filling  and  emptying  systems  were  reproduced.  Under  steady-state 
conditions,  no  problems  with  respect  to  pressure  were  observed. 

56.  A  very  thorough  report  was  drafted  on  the  subject  "Filling  and 
Emptying  Valves  for  Lock  No.  1,  Mississippi  River,"  by  representatives 
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of  the  NCS.  The  report  included  sections  concerned  with: 
a.  Existing  conditions 
Jj.  Preliminary  investigation 
c.  Hydraulic  model  study 
<1.  Site  inspections 
£j.  Cost  comparisons 

Conclusions  of  the  report  stated:  "There  is  not  enough  research  or  ex¬ 
perience  to  indicate  whether  or  not  slide  gates  will  perform  satisfac¬ 
torily  as  filling  and  emptying  gates  at  Locks  and  Dam  No.  1.  On  the 
other  hand,  tainter  valves  have  been  used  successfully  at  numerous  Corps 
of  Engineers  locks.  Reverse  tainter  valves  meet  the  highest  quality  of 
engineering  for  new  or  rehabilitated  locks.  The  additional  cost  for  in¬ 
stallation  of  reverse  tainter  valves  is  less  than  2  percent  of  the  total 
project  cost,  which  is  well  within  reason  for  valves  of  proven  perfor¬ 
mance,  minimum  required  maintenance,  and  highest  quality.  Therefore  the 
St.  Paul  District  has  recommended  that  reverse  tainter  valves  be  in¬ 
stalled  in  landward  locks  to  replace  the  existing  stoney  gate  valves 
during  the  rehabilitation  of  Locks  and  Dam  No.  1." 


PART  IV:  DISCUSSION  AND  RECOMMENDATIONS 


57.  The  existing  locks  at  Locks  and  Dam  No.  1  were  constructed 
between  1929  and  1932.  Problems  have  been  experienced  with  accumulation 
of  ice  and  debris  at  the  intakes,  air  entrapment  in  the  culverts  of  the 
filling  and  emptying  system,  excessive  turbulence  in  the  lock  chamber 
during  filling,  and  hazardous  conditions  downstream  from  the  locks 
during  emptying  operations.  Also,  the  stoney  gates  used  for  control  of 
filling  and  emptying,  the  miter  gates,  and  miter  gate  operating  machin¬ 
ery  are  in  bad  condition.  Initial  investigations  and  studies  indicated 
that  both  the  landward  and  riverward  locks  should  be  completely  rehabil¬ 
itated.  However,  later  studies  recommended  that  the  landward  lock  be 
completely  rehabilitated  and  the  riverward  lock  be  only  partially  reha¬ 
bilitated.  Although  the  riverward  lock  will  not  be  rehabilitated  in  the 
near  future,  model  tests  were  conducted  for  both  the  landward  and  river¬ 
ward  locks,  since  those  tests  had  been  initiated  before  the  decision  was 
made  not  to  rehabilitate  the  riverward  lock.  Also,  results  of  these 
tests  can  be  used  if  rehabilitation  of  the  riverward  locks  becomes 
feasible  in  the  future. 

58.  Items  that  were  concerned  with  improving  the  hydraulic  condi¬ 
tions  at  the  landward  lock  and  recommended  from  model  tests  are  as 
follows: 

a.  The  radius  of  the  nose  of  the  intermediate  wall  will  be 
increased  from  5  ft  to  12.5  ft  to  eliminate  vortex  ten¬ 
dencies  in  the  upstream  approach  area. 

_b.  A  new  six-port  culvert  intake  manifold  will  be 
constructed. 

_c.  Lowering  the  existing  9.5-ft-diam  culvert  invert  el  681.2 
to  invert  el  678.7  and  changing  the  culvert  shape  to 
9.5  ft  wide  by  7.5  ft  high  resulted  in  a  1-ft  submergence 
of  the  culvert  roof  instead  of  a  3.5-ft  depth  of  air  at 
the  culvert  crown  at  normal  lower  pool  el  687.2. 

d_.  New  sidewall  ports  1.5  ft  wide  by  2.3  ft  high  will  be 
constructed  from  the  modified  9.5-ft-wide  by  7.5-ft-high 
wall  culverts.  There  will  be  19  ports  in  each  culvert 
spaced  13  ft  on  centers  and  staggered  in  each  wall. 
Because  the  invert  of  the  culverts  is  higher  than  the 
lock  chamber  floor,  the  ports  will  slope  downward.  This 


slope  will  extend  into  the  1-ft-deep  trenches  in  front  of 
each  port.  The  trenches  that  extend  to  the  center  of  the 
lock  chamber  and  terminate  vertically  are  2.1  ft  wide  for 
the  land  wall  ports  and  1.88  ft  wide  for  the  intermediate 
wall  ports.  The  difference  in  width  of  the  trenches  is 
necessary  because  the  port  sides  expand  horizontally  on  a 
l-on-20  slope  and  the  two  walls  have  different 
thicknesses . 

£.  A  new  culvert  outlet  will  be  constructed  with  interlaced 
laterals  in  the  lower  approach  area. 

f_.  New  reverse  tainter  filling  and  emptying  valves  will  be 
installed.  These  valves  should  be  designed  in  accordance 
with  the  vertically  framed  tainter  valves  developed  dur¬ 
ing  model  tests  of  the  Holt  Lock  and  should  be  scheduled 
to  open  in  4  min. 

j>.  Twelve-inch-diam  air  vents  will  be  installed  on  the 

center  line  of  the  culvert  roof  about  3.5  ft  downstream 
of  the  filling  and  emptying  valves.  The  vents  should 
extend  upward  to  the  top  of  the  lock  walls  and  be  pro¬ 
vided  with  a  control  valve  which  can  be  locked  when  set. 
After  the  rehabilitation  is  completed  the  vents  should  be 
adjusted  to  admit  just  enough  air  to  preclude  cavitation 
in  the  low  pressure  area  immediately  downstream  from  the 
valves  without  permitting  an  excessive  amount  of  air  and 
resulting  turbulence  in  the  lock  chamber.  These  items 
were  elements  of  the  type  3  system  recommended  for  the 
landward  lock. 

59.  Rehabilitation  of  the  landward  lock  as  recommended  in 
the  type  3  filling  and  emptying  system  and  operating  the  culvert  tainter 
valves  as  recommended  will  result  in  a  reliable  design  with  satisfactory 
prototype  performance.  For  normal  37.8-ft  head  conditions  and  imposed 
limitations  of  11-ft  submergence  over  the  chamber  floor  and  only  1-ft 
submergence  over  the  sidewall  culvert  roof  at  minimum  lower  pool,  the 
lock  can  be  filled  in  about  10.2  min  or  emptied  in  10.6  min  with  a 
4-min  valve  time.  In  fact,  due  to  differences  in  friction  losses,  the 
prototype  lock  can  be  expected  to  fill  or  empty  about  10  percent  faster 
than  the  model  lock.  Longitudinal  and  transverse  hawser  forces  will  be 
well  within  the  5-ton  limiting  criterion  for  any  size  tow  loaded  up  to 
the  allowable  9-ft  draft.  Turbulence  in  the  lock  chamber  is  considered 
satisfactory  and  safe  for  large  tows  as  well  as  small  craft,  primarily 
because  of  the  addition  of  the  trenches  in  chamber  floor  at  each  of  the 
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sidewall  ports.  There  is  no  indication  of  any  vortex  problem  in  the 
upstream  approach  area  in  the  vicinity  of  the  intakes.  Flow  conditions 
in  the  upstream  and  downstream  approaches  are  good  and  flow  distribution 
at  the  intakes  and  outlets  is  satisfactory. 

60.  Since  much  has  been  said  about  the  submergence  limitations  of 
11.0  ft,  the  question  of  what  is  the  desired  submergence  in  a  56-ft-wide 
lock  with  a  sidewall  port  manifold  system  will  be  discussed.  The 
greater  the  submergence,  the  faster  is  the  permissible  filling  time. 
However,  in  many  cases  each  foot  is  quite  costly  and  the  designer  needs 
to  know  the  minimum  submergence  at  which  satisfactory  operation  can  be 
expected.  Data  from  various  width  locks  indicate  that  jets  from  ports 
expand  in  an  upward  direction  at  the  same  rate  as  they  expand  horizon¬ 
tally.  Thus,  a  clear  space  between  the  bottom  of  the  vessel  equal  to 
one  half  the  port  spacing  is  required  to  prevent  direct  action  of  the 
port  jets  against  the  bottom  of  the  vessel.  In  a  56-ft-wide  lock  de¬ 
signed  for  9-ft  draft,  a  submergence  of  15.5  ft  should  be  provided  (9-ft 
draft  of  tow  plus  6.5  ft  clear  under  the  tow,  one  half  of  the  13-ft  port 
spacing).  If  a  greater  submergence  under  the  tow  is  provided,  permissi¬ 
ble  filling  times  will  be  shorter;  but  an  increase  in  clear  space  under 
the  tow  of  100  percent  will  allow  a  decrease  in  permissible  filling  time 
of  only  10  percent.  On  the  other  hand,  a  decrease  in  the  suggested 
clear  space  under  the  tow  of  only  20  percent  will  require  a  20  percent 
increase  in  permissible  filling  time.  For  the  case  of  the  landward  lock, 
there  was  a  69  percent  reduction  in  this  desired  clearance.  This  was 
compensated  for,  to  some  degree,  by  the  sloping  ports.  However,  without 
the  port  face,  port  invert  extension,  and  trenches  :n  the  chamber  floor 
or  some  other  geometry  changes,  an  acceptable  degree  of  turbulence  would 
have  been  impossible  to  obtain.  This  would  have  imposed  significantly 
longer  filling  times  for  the  landward  lock.  A  more  thorough  treatment 
of  the  state  of  the  art  and  design  information  on  sidewall  port  lock 
design  is  presented  in  WES  Miscellaneous  Paper  H-75-7.*  The  total 

*  T.  E.  Murphy,  "Lock  Design,  Sidewall  Port  Filling  and  Emptying  Sys¬ 
tem,"  Miscellaneous  Paper  H-75-7,  Jul  1975,  U.  S.  Army  Engineer  Water¬ 
ways  Experiment  Station,  CE,  Vicksburg,  Miss. 
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culvert  and  port  throat-area  ratio,  number,  spacing,  and  longitudinal 
position  of  the  sidewall  port  manifold  in  the  chamber  were  based  on 
these  design  criteria. 

61.  The  invert  of  the  riverward  lock  chamber  is  2.5  ft  higher 
than  the  landward  lock.  As  a  result  there  is  8.5  ft  of  submergence  in 
the  lock  at  minimum  lower  pool  and  1  ft  of  submergence  over  the  culvert 
roof.  Thus,  the  barge  draft  must  be  reduced  to  6.5  ft  leaving  2  ft  of 
clearance  between  the  barge  tow  and  chamber  invert. 

62.  The  same  culvert  intake  design  and  culvert  modifications, 
including  valves  and  air  vents,  recommended  for  the  landward  lock  were 
recommended  for  the  riverward  lock.  Since  the  culverts,  ports,  and  lock 
chamber  were  at  the  same  elevation,  the  sloping  ports  and  chamber 
trenches  were  not  necessary  for  the  riverward  lock;  however,  the  port 
size,  number,  and  spacing  were  the  same. 

63.  The  culvert  outlet  with  interlaced  laterals  in  the  lower 
approach  used  in  the  landward  lock  would  also  be  satisfactory  for  the 
riverward  lock.  However,  if  it  is  desirable  to  remove  a  portion  of  the 
emptying  discharge  away  from  the  lower  approach  of  the  lock,  the  sepa¬ 
rate  outlets  developed  during  the  model  studies  could  be  used. 

64.  The  slide  gates  investigated  in  the  l:25-scale  model  per¬ 
formed  satisfactorily  with  2-  or  4-rain  valve  times.  Hoist  loads  mea¬ 
sured  in  the  1: 10-scale  model  with  the  slide  gate  were  satisfactory. 
Little  difference  in  the  hydraulic  performance  of  the  lock  was  detected 
when  either  tainter  valves  or  slide  gates  were  used.  For  reasons  stated 
earlier  in  this  report,  the  culvert  tainter  valves  will  be  utilized  in 
the  landward  lock  rehabilitation;  and  the  existing  stoney  valves  removed 
from  the  existing  landward  lock  will  be  used  as  spare  gates  and  for 
parts  to  maintain  the  existing  stoney  gates  for  operating  the  riverward 
lock  where  only  minimal  rehabilitation  is  planned. 

65.  With  regard  to  the  minimal  rehabilitation  of  the  existing 
riverward  lock  and  the  extremely  poor  operating  characteristics  and  con¬ 
ditions  that  will  of  necessity  remain,  it  is  suggested  that  once  final 
plans  are  prepared,  a  review  be  made  of  possible  improvements  which 
might  be  accomplished  at  a  minimum  cost  to  improve  existing  conditions. 
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One  such  improvement  would  be  to  seal  the  bulxhead  slots  upstream  of 
the  existing  stoney  valves  that  presently  (in  1976  observations)  are  one 
source  of  air  which  could  be  eliminated.  There  may  be  other  improve¬ 
ments  that  could  be  recognized  and  corrected  by  economical  means. 

66.  Generalized  tests*  were  made  with  the  type  6  filling  and 
emptying  system  for  lifts  of  30  and  40  ft  and  submergences  of  8.5,  11, 
13,  and  15  ft  over  the  lock  floor.  A  6-barge  tow  at  6.5-ft  draft  with 
the  upstream  end  of  the  tow  at  sta  0+65  was  used  to  measure  hawser 
forces  during  filling  and  emptying  with  1-,  2-,  and  4-min  valve  times. 
Plate  62  is  a  plot  of  filling  times  for  3-,  4-,  and  5-ton  hawser  force 
limits  indicating  the  effect  of  submergence  and  head  variations.  The 
filling  and  emptying  times  for  normal  slide  gate  operation  for  30-  and 
40-ft  lifts  are  also  plotted  in  Plate  62.  Hawser  forces  during  all 
generalized  emptying  tests  were  about  3  tons. 


*  Funded  by  CWIS  Work  Unit  No.  31076  "Improved  Criteria  for  Lock 
Design." 
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Table  2 


Steady-Flow  Pressures  in  Type  1  (Original)  Design  Filling  System 

Landward  lock 


_ Piezometer _  _ Piezometer _ 

;<'o.  Station  Elevation  Reading  Pressure  Ko.  Station  Elevation  Heading  Pressure 

Right  Vail  Culvert  Intermediate  nail  Culvert 
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20.3 

20 

l+OL.953 

686.2 

706.0 

19-3 

21 

1+09.953 

678.70  3 

706.3 

27-6 

22 

1 

682.25  L 

706.2 

23-95 

23 

1 

686.20  T 

705-7 

19.5 

2L 

♦ 

682.25  R 

706.0 

23-75 

CJ 

TJ 

W 

wall  Port 

Kani 

fold 

1A 

1+32-583 

68 

2.L5 

706.8 

2L.35 

2A 

2+09-583 

1 

709.7 

27.25 

3A 

3+00.083 

1 

711.6 

29.15 

La 

3+73- 983 

I 

712.0 

29.55 

Note:  Pressures  are  in  prototype  feet  of  water.  Test  conditions:  steady-flow  discharge, 
2868  cfs;  tipper  pool  el,  725.0;  lock  chamber  el,  704.5;  filling  valves  open;  upper 
miter  gates  closed;  emptying  valves  closed;  lower  miter  gates  open. 


Table  3 


Steady-Flow  Pressures  in  Type  1  (Original)  Design  Emptying  Systen 

Landward  Lock 


_ Piezometer _ 

Ho.  Stati on  Elevation  Reading  Pressure 

Right  Wall  Culvert 


Ring  Downstream 

of 

Filling 

Valve 

21 

1+09.953 

673.7  3 

705.7 

27-0 

22 

1 

682.15  L 

705-7 

23-25 

23 

S 

686.2  '1 

706.1 

19-9 

2h 

♦ 

682.15  3 

705-7 

23-25 

Sidewall  Port  Manifold 

13 

1+32.583 

63o 

'-95 

705.5 

21.55 

23 

2+09-583 

705-0 

21.05 

33 

3+00.083 

1 

701.2 

20.25 

hB 

3+73.983 

T 

695.0 

11.05 

Emptying  Valve 

1 

1+17-873 

636-2 

AIR 

_ 

2 

1+25-873 

691.0 

1.3 

3 

1+30. 87B 

690-5 

1.3 

1 

1+35-373 

633.5 

2.3 

5 

1+10.873 

689.5 

3.3 

6 

1+15 -S7B 

686.0 

1.8 

7 

1+50. 87B 

683.5 

2.3 

8 

1+70.873 

637.7 

688.3 

9-6 

9 

I 

682.15 

3AD 

— 

10 

1 

686.2 

683.3 

2.1 

11 

f 

682.15 

688.3 

5.85 

Outlet 


1 

5+15-123 

677-82 

680.7 

2.88 

2 

5+18- 00B 

677-2 

690.3 

13-1 

3 

676.2 

688.6 

12.1 

1 

670.2 

686.1 

15-9 

5 

| 

688.0 

17-8 

6 

I 

688.3 

13.1 

7 

f 

689-0 

18.8 

8 

5+31. 00B 

686.2 

AIR 

— 

9 

5+50. 00B 

670.2 

687.1 

16.9 

10 

5+50. 00B 

670.2 

688.6 

18.1 

Piezometer 


No. 

Station 

Elevation 

Reading 

Pressure 

Hi 

ght  Vail  C 

uivert 

Out 

let  { Conti n 

;'uec) 

11 

5+50 

.003 

670.2 

639.2 

JG.  0 

12 

5+50.003 

670.2 

690.2 

19.0 

13 

5+66 

.003 

666.2 

AIR 

ll 

5+76.003 

677- 62 

631.  S 

6.9  c- 

15 

5+82.003 

677-2 

691.3 

ll.l 

16 

676.2 

690-5 

ll-3 

17 

670.2 

636.9 

16. T 

18 

| 

686.1 

16.2 

19 

i 

683.1 

17-9 

20 

1 

689-2 

19-0 

Intermediate 

Culvert 

Ring  Downstream  of  rilling  Valve 


29 

1+10.583  678.7  B 

705-2 

26.5 

30 

j  682.15  L 

705-2 

22.75 

31 

1  636.2  T 

705-1 

13.9 

32 

f  632.15  R 

705-2 

22.75 

Ring  Downstream  of  Emptying  Valve 


21  1+70.501 

670.7 

633.5 

9-3 

22  J 

632.15 

3AD 

— 

23  1 

686.2 

688-5 

2-3 

21  ? 

682.15 

688.6 

6.1: 

Note:  Pressures  are  in  prototype  feet  of  water.  Test  conditions:  steady-flow  discharge, 
2888  cfs;  lock  chamber  el,  711.2;  lower  pool  el,  687.2;  filling  valves  closed;  upper 
miter  gates  open;  emptying  valves  open  full;  lower  miter  gates  closed. 
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Table  8 

Average  Plezcoeter  Headings  During  Filling  Operation,  Type  5  (with  Slide  Gates)  System,  37.8-Ft  Head 
Upper  Pool  El  725.0,  tover  Pool  El  687.2 
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Visual  Observations  of  Water  Surface  in  Bulkhead  Slots 
Immediately  Upstream  of  Slide  Gates  During 
Filling  and  Emptying  Operations 


Slide  Gate  Operation 


Normal  Filling 


Valve 
Time,  V, 


_  Upstream  Bulkhead  Slot _ 

Water-Surface  El  Time  of  Occurrence 
- jnsl _  _ min*  _ 

701.0  2.2 

706.0  3.8 

710.0  5.2 

712.0  fin 


Single  (Right)  Culvert 
Filling 


Single  (Right)  Culvert 
Emptying 


686.2** 
686. 2** 
686.2** 
686.2** 

695.0 

697.2 

702.5 

705.0 

686.2** 

686.2** 

686.2** 

686.2** 


,3te:  ein687a2)COnsiidrS  h6ad  (UPPSr  P°o1  61  725*0’  lower  Pool 

1  ooj.2;.  Slide  gates  open  at  constant  speed.  Bulkhead  slots 

,  t“”Str:r“  °f  =lide  eates  at  roof  o?  culvert 

Time  after  slide  gates  Begin  opening. 

Roof  of  culverts  at  el  686.2 


Table  11 


Steady-Flow  Pressures  in  Type  6  Design  Emptying  System 
Rlverwood  Lock 


_ Piezometer _ 

msl 

•  No.  Station  Elevation  Reading  Pressure 


Intermediate  Wall  (Right  Culvert) 


Sidewall 

Port 

Manifold 

IB 

1+32.58 

680.95 

701.8 

20.85 

2B 

2+09.08 

I 

701.6 

20.65 

3B 

3+00.08 

1 

699.4 

18.45 

4b 

3+73.98 

t 

694.5 

13.45 

Culvert  Slide 

Gate 

1 

3+91.50 

686.2 

69O.I 

3-9 

2 

4+00.50 

686.2 

690.0 

3.8 

3 

4+08.50 

686.2 

689.8 

3.6 

4 

4+13.50 

687-7  B 

691.5 

12.8 

5 

4+13.50 

682.45  R 

639.7 

7.25 

6 

4+13.50 

686.2  T 

I 

3-5 

7 

4+18.50 

686.2 

I 

3-5 

8 

4+23.50 

686.2 

T 

3.5 

9 

4+65.50 

678.7  B 

688.7 

10.0 

10 

4+65.50 

686.2  T 

688.7 

2.5 

Outlet 

1 

5+11.50 

678.7 

687.5 

8.8 

2 

5+11.50 

686.2 

687.9 

1.7 

3 

5+25.20 

677.9 

678.8 

0.9 

4 

5+29.00 

677.2 

689.7 

12.5 

5 

674.1 

690.2 

16.1 

6 

672.2 

686.2 

14. 0 

7 

I 

687.7 

15.2 

8 

1 

688.3 

16.1 

9 

t 

689.0 

16.8 

10 

5+57.20 

677.9 

687.5 

9-6 

11 

5+61 . 00 

677.2 

689.8 

12.6 

12 

674.1 

689.8 

15-7 

13 

672.2 

687.0 

l4.8 

14 

I 

687.5 

15.3 

15 

I 

688.1 

15.9 

16 

t 

688.5 

16.3 

_ Piezometer _ 

msl 

No ■  Station  Elevation  Reading  Pressure 
Rlverward  Wall  (Left  Culvert) 


Sidewall  Port  Manifold 


1C 

1+32.58 

680.95 

701.2 

20.25 

2C 

2+09.08 

701.0 

20.05 

3C 

3+00 . 08 

1 

697.5 

16.55 

4c 

3+73.98 

T 

691.5 

10.55 

Culvert  Slide 

Gate 

1 

4+13.50 

678.7  B 

685.5 

6.80 

2 

4+13.50 

682. 

.45  L 

685-5 

3.05 

3 

4+13.50 

686. 

,2  T 

685.0 

-1.2 

4 

4+65.5 

678.7  B 

683.7 

5-0 

5 

4+65.5 

686.2  T 

683-7 

-2.5 

Outlet 

1 

4+94.00 

678.7  B 

684.8 

6.1 

2 

4+94.00 

686 

.2  T 

684.7 

-1.5 

3 

4+94.00 

675-5  B 

684.4 

8.9 

4 

4+89.25 

678.2  R 

684.3 

6.1 

5 

4+94.00 

682.97  T 

684.0 

1.03 

6 

4+98.75 

678.2  L 

684.3 

6.1 

7 

4+95.90 

675-0 

686.7 

11.7 

8 

5+04.40 

687.2 

12.2 

9 

5+01.60 

685.8 

10.8 

10 

4+98.80 

685.4 

10.4 

11 

4+95.60 

686.0 

11.0 

12 

4+95-00 

686.7 

11.7 

13 

4+94.10 

686.7 

11.7 

Note:  Pressures  are  in  prototype  feet  of  water.  Test  conditions:  steady- flow  discharge, 
2970  cfs;  lock  chamber  el,  707.2;  lower  pool  el,  687.2;  filling  slide  gate  closed; 
upper  miter  gates  open;  emptying  Elide  gates  open;  lower  miter  gate  closed. 


r*  fUH  in  min  with  Tb*  bylJch<r*'J  slot*  iloonktr^wv  of  thr  'njtyinit  *lMo  «*t«>s 

Itnot**  '.liw  (in  prototype  *»e«n4f)  «ft*r  b*flnnln«  of  vnlv«*  n»v»**nt. 
nbcnot**  of  vM,»>r  surfncr  In  lo<*X  cbnjnbrr. 
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Visual  Observations  of  Water  Surface  in  Bulkhead  Slots  Immediately  Upstream 
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constant  speed.  Bulkhead  slots  downstream  of  slide  gates  sealed  at  roof  of  culvert. 
*  Time  after  slide  gate  begins  opening. 

**  Roof  of  culverts  at  el  686.2. 


1: 10-Scale  Model  Tests,  Lock  No.  1  Slide  Gate 


Note:  Energy  elevation  immediately  upstream  from  culvert  slide  gate  was  maintained  at  approximately  U6 . 3  ft  (el  725-0) 
above  the  culvert  invert  (el  678.7).  Submerged  weight  of  gate  is  l,8lU  lb  (l.8lU  kips).  Dry  weight  of  gate  is 
^,209  lb  (U.209  kips).  Culvert  8  ft  wide  by  7-5  ft  high. 
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PLATE  62 


In  accordance  with  letter  from  DAEN-RDC,  DAEN-ASI  dated 
22  July  1977,  Subject:  Facsimile  Catalog  Cards  for 
Laboratory  Technical  Publications,  a  facsimile  catalog 
card  in  Library  of  Congress  MARC  format  is  reproduced 
below. 


Abies,  Jackson  H 

Modifications  to  filling  and  emptying  system  of  Lock 
Ho.  1,  Mississippi  River,  Minneapolis,  Minnesota;  hydrau¬ 
lic  model  investigation  /  by  Jackson  K.  Abies,  Jr.  Vicks¬ 
burg,  Miss.  :  U.  S.  Waterways  Experiment  Station  ;  Spring- 
field,  Va.  :  available  from  Rational  Technical  Information 
Service,  1979. 

[31]  ?.,  [39;  leaves  of  plates  :  ill.  ;  27  cm. 
(Technical  report  -  U.  S.  Army  Engineer  Waterways  Experi¬ 
ment  Station  ;  HL-79-21) 

Prepared  for  U.  S.  Army  Engineer  District,  St.  Paul, 

St.  Paul,  Minnesota. 


1.  Hydraulic  models.  2.  Lock  and  Dam  No.  1,  Mississippi 
River.  3-  Lock  filling  and  emptying  systems,  b.  Locks 
(Waterways).  5-  Mississippi  River.  I.  United  States. 
Army.  Corps  of  Engineers.  St.  Paul  District.  II.  Series: 
United  States.  Waterways  Experiment  Station,  Vicksburg, 
Miss.  Technical  report  ;  HL-79-21. 

?a7  .  W3!<  no.KL-79-21 


